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Abstract. The performances of perovskite solar cells (PSCs) are severely dependent on the device architecture and the interface between each layer in the cell structure, in particular the interface between the charge
transporting layer and the perovskite ﬁlm. In PSCs architecture, the charge transporting layer is the substrate
for the growth of the perovskite polycrystalline ﬁlm, therefore directly affecting the active layer morphology,
electric charge extraction and recombination. We focus on investigating the interface between the treated
Poly-TPD hole transporting layer and the perovskite in the inverted planar structure. Poly-TPD is a material
with little wettability which has prevented the extensive use of this material at low temperatures in the
inverted structure of PSCs by a solution-processed single-step method. An easy argon plasma treatment
method is demonstrated to overcome this problem. The wettability of the Poly-TPD surface could be controlled by adjusting the time and power of argon plasma treatment. The results show improvement in the
perovskite ﬁlm morphology which indicates an improvement in the interface between Poly-TPD and perovskite layer when the Poly-TPD is modiﬁed by argon plasma under the P=220 W and a treatment t=5 s. In
these conditions, the performance of cells increases and reaches 11.32%.
Keywords. Argon plasma; treatment; hole transporting layer; Poly-TPD; inverted planar solar cell;
interface; wettability.

1. Introduction
In recent years, perovskite solar cells (PSCs) have
received a lot of attention due to their relatively high
power conversion efﬁciency (PCE) and low manufacturing costs.1–12 However, the low stability and ﬂexibility of these cells are controversial, as it has prevented
their commercial application.13–19 So far, extensive
research has been done on the structural architecture and
manufacturing methods to improve the performance,
stability and ﬂexibility of these kind of solar cells.20
Thus far, various device structures including mesoporous and planar PSCs have been proposed.2,21,22 The
mesoporous and planar perovskite solar cells are classiﬁed into two regular (n-i-p) and inverted (p-i-n)
structures based on the deposition sequence of perovskite and charge transport materials.2,23,24 Recently,
researchers prefer inverted planar PSCs because the
regular planar PSCs suffer from high hysteresis in
voltage-current curves. In these cells, hysteresis is one
*For correspondence

of the leading challenges for industrialization, while
inverted planar PSCs mostly exhibit little hysteresis.25
Other advantages of these PSCs are easy fabrication,
low-temperature fabrication process, high efﬁciency
and low production cost for industrial applications.26 To
overcome the temperature and price challenge in these
structures, often be used polymeric hole-transporting
such as PEDOT:PSS [poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)],27–33 PTAA [poly(bis{4-phenyl}c{2,4,6- trimethylphenyl}amine)]34,35 or
poly-TPD [poly(N,N’-bis- 4-butylphenyl-N,N’-bisphenyl) benzidine].36–38 It should be noted HTLs play an
important role in PSC structure. They improve the
transmission of the hole and have a great effect on the
open circuit voltage (VOC).39 Also, compared to the
absence of them in PSC structure, in many cases, the
surface quality of the perovskite layer has been
improved.
The ﬁrst applied polymeric HTL in solar cells is
PDOT: PSS.40 It beneﬁts from outstanding features
such as good conductivity and excellent thin-ﬁlm
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quality.28,29,31,41,42 However, these PSCs usually suffer from low VOC (\1 V) due to the energy level
mismatch between PEDOT: PSS (-4.9 to -5.1 eV)
and Methylammonium lead halide perovskite (CH3NH3PbI3 (-5.4 eV)).29 In addition, the strong hygroscopic nature of PEDOT: PSS is a serious threat to
long-term device stability.43
Another HTL applied in inverted planar structures is
PTAA. It can be implied to its good features including
high electron mobility, high transparency, environmental stability and no need for high cooking temperatures. PSCs with PTAA as a hole transporting
layer (HTL) showed good thermal stability at 85 °C.44
The hydrophobic polymeric HTL, such as Poly-TPD,
with a well-matched energy level to the perovskites
valence band, has great potential in increasing the
device VOC (due to facilitating large-sized perovskite
crystal growth and enhancing device stability).45 Like
PEDOT: PSS, it has excellent properties such as high
transparency,
low-temperature
process,
good
mechanical ﬂexibility and high quality-ﬁlm. First
Poly-TPD was used as an interlayer between PEDOT:
PSS and perovskite in PSCs.46 The efﬁciency of these
cells reached 12%. A few months later, in another
report, Poly-TPD was used alone as HTL, with the
difference that this time the perovskite adsorbent layer
was deposited by evaporation technique.47 That allows
the production of a high-quality perovskite layer.
Perovskite cannot be deposited onto these polymer
ﬁlms via solution-based processes because of their
hydrophobic nature that limits the development of
low-temperature solution-processed inverted planar.48,49 Because of the high cost of this method, the
researchers developed different modiﬁcation methods
to improve the wettability of Poly-TPD so that they
could form a perovskite layer on the Poly-TPD layer
by a simple solution-processed method.36,38,45,50 One
of these methods for improving the wettability of the
Poly-TPD layer is the ultraviolet-ozone (UVO) modiﬁcation method, which treated the surface of the polyTPD using UVO. They achieved a high PCE exceeding 18%.45
In this study, the Poly-TPD was used as a hole
transporting layer in an inverted planar perovskite
solar cell structure. To modify the wettability of the
Poly-TPD for perovskite deposition with a solutionprocessed method, these HTLs were treated with argon
plasma in two different powers 220 and 240 W and
two-time treatment 5 and 10 s. Next, we compared and
studied the absorption spectrum in the wavelength
range (700-850 nm), morphology and distribution of
perovskite nanoparticles grown on the surface of polyTPD modiﬁed with argon plasma at 220 and 240 W.
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Finally, we examined the performance of solar cells
has been made based on these two layers of HTLs.
2. Experimental
2.1 Materials
Solvents of acetone, ethanol (98%), toluene (98%),
N’N-Dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased from Merck Company. Lead (II) iodide (PbI2, 99.99%) and
methylammonium iodide CH3NH3I (MAI) was purchased from Alfa aesar and Dyesol, respectively.
dimethyl sulfoxide anhydrous, 96% (DMSO) and
Isopropanol(IPA), BCP was supplied from Aldrich.
Poly [N,N0-bis(4-butylphenyl)-N,N0- bis(phenyl)benzidine](poly-TPD) and [6, 6]-phenyl C61 butyric acid
methyl ester (PCBM) was purchased from Lumtecand
Nano-c, respectively. Bathocuproine 96% (BCP) was
purchased from Aldrich (Milan, Italy).
2.2 Characterization
To study the surface coating and morphology of the
perovskite, The Park Scanning Probe Microscope
(PSIA), and to study topography, Atomic Force
Microscopy (AFM) (Carl Zeiss Auriga40 Crossbeam)
were used. The contact Angle and wettability Measurement was performed using a contact angle measuring device (Angstroms FTA1000). An argon
Plasma device (Plasma Etch PE25-JW plasma etching/cleaning system) was used to modify the PolyTPD ﬁlm. In this device, the radio frequency (RF)
level is minimized and the power of the device is set in
220 W and 240 W. Photovoltaic performance and
voltage-current characteristics for determining PCE
were performed using a Keithley 2400 (Newport
91160A) simulated one sun with a standard sunlight
intensity of 1.5 GAM. The voltage range of the device
is from 0.2 V to 1.2 V.

2.3 Device fabrication
In order to build the cell, indium tin oxide (ITO)
glasses were used as a substrate. Thin-ﬁlm, nanostructured solar cells are very sensitive to surface
contamination. For this purpose, the substrates are
washed in several steps. First, the ITO glasses are
washed with soap and water and placed in a beaker,
and with a solution of deionized water, acetone and
ethanol are washed for 15 min, respectively, in an
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ultrasonic bath. The substrates are then dried with a
stream of N2 gas to complete the washing step. Then,
for deposition of the Poly-TPD hole transporting layer,
1.5 mg of Poly-TPD dissolve in 1 mL of chlorobenzene, then it is deposited on ITO substrates using a
spin coater at 4000 rpm for 60 s. Then the ﬁlms are
baked at 100 °C for ten min. In order to improve the
wettability of the Poly-TPD ﬁlm surface, the samples
were placed under argon plasma for 5 and 10 s and at
two powers of 220 W and 240 W. Next, in order to
form a one-step perovskite ﬁlm on the modiﬁed PolyTPD layers, the perovskite solution consisted of
461 mg lead iodide, 159 mg MAI powder, 635 lL
DMF and 71 lL DMSO are deposited by spin coating
method on the hole transport substrates. Then the twoelectron transport and hole barrier layers the PCMB
and BCP were deposited at a speed of 6000 and 9000
rpm, respectively. Finally, a thin layer of aluminium
with a thickness of 50 nm was placed on the BCP layer
by the vacuum evaporation method.

3. Results and Discussion
The schematic structure of an inverted ﬂat perovskite
solar cell and the energy-band diagram of perovskite
solar cells are shown in Figure 1.
In addition to being a good electron transporting,
PCBM also increases performance and reduces hysteresis of perovskite solar cells.51,52 BCP acts as a
cavity barrier and in addition to causes improving
electron transfer, it also prevents the passage of
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cavities like a barrier.53 Poly-TPD is the hole transporting layer and as shown in the schematic of Figure 1, it is considered as a substrate for perovskite ﬁlm.
Therefore, having a suitable coating of this material
will increase the quality of perovskite ﬁlm. Figure 2
depicts the structure of Poly-TPD, PCBM, and BCP
molecules.
Due to the hydrophobic nature of Poly-TPD (as
can be seen in Figure 3), perovskite cannot be
deposited on this polymeric ﬁlm with a solutionprocessed method. Here, to improve the wettability
of the Poly-TPD hole transporting layer for perovskite deposition with a solution-processed method.
These HTLs were treated by argon plasma in two
different powers of 220 and 240 W for times of 5
and 10 s. The contact angle of the water drop on
Poly-TPD layer coated on FTO, after treating the
Poly-TPD ﬁlm by argon plasma in two different
powers of 220 and 240 W and two different times 5
and 10 s, was shown in Figure 4. As shown in
Figures 4 (a) and (b), the contact angle of the water
drop on the poly-TPD layer treated by argon plasma
under powers of 220 W and treatment time of 5 s is
43.43° and under powers of 240 W and treatment
time of 5 s is 42.44°. With an increasing treatment
time of Poly-TP layers with argon plasma under
powers of 220 W, from 5 s to 10 s, wetting angles
are obtained 43.43° and 35.2°, respectively and
under powers of 240 W, from 5 s to 10 s are
obtained 42.44° and 24.44°, respectively. This indicates that with increasing the exposure time and
power of the Poly-TPD layer under argon plasma,
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Figure 1. Structure of inverted planar perovskite solar cells (a) and energy-band diagram of the device (b).
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Figure 2. Molecular structure of Poly-TPD, PCBM and BCP.

Figure 3. The contact angle of the water drop on the PolyTPD layer before argon plasma treatment.

the hydrophilicity of this polymer has increased. In
fact, a decrease in the contact angle of the water
drop on the Poly-TPD layer after argon plasma
treatment indicates an increase in polarity of the
surface of this polymer.36 Proper wettability of the
underlying layer of perovskite improves perovskite
coverage and morphology.
AFM images of the perovskite ﬁlm deposited on
top of the Poly-TPD layer after argon plasma
treatment under powers of 220 W & 240 W and
treatment times 5 s & 10 s are shown in Figure 5.
The topographic image of the perovskite layered on
Poly-TPD treated with argon plasma under the
power of 220 W and 240 W for 10 s shows more
dark spots (black), indicating that a proper coating
of perovskite on the surface of poly-TPD didn’t
occur. In fact, these stains conﬁrm the damaging of
the perovskite underlying layer, Poly-TPD.
The Root means square roughness (Rq) of perovskites grown on the poly-TPD layer treated by
argon plasma with powers of 220 W & 240 W in
treatment times of 5 s & 10 s has been depicted in
Table 1. As can be seen from the Table, Rq of
perovskites grown on Poly-TPD layer treated by
argon plasma under the power of 220 and 240 W

increased with increasing of treatment time from 5 s
to 10 s. Increasing the roughness increases the
contact area between the perovskite and the electron
transporting layer, that larger contact area increases
the number of interface trap states, which in turn is
detrimental to cell performance.54 Also, the results
show Rq = 1.547 and Rq = 1.820, respectively, for
the surface of the perovskite ﬁlm deposited on the
Poly-TPD layer treated with argon plasma at 220
and 240 W for 5 s. It could be seen that the morphology of the perovskite ﬁlm deposited on the
poly-TPD layer treated with argon plasma at 220 W
and 5 s is much more suitable. As power increases
from 220 to 240, the roughness increases, which
causes worse cell performance.
To study the morphology of different perovskite
ﬁlms, The Park Scanning Probe Microscope (PSIA)
was performed. Figure 6 shows the SEM images
related to the morphology of nanoparticles in the
perovskite layer grown on Poly-TPD layer treated
with argon plasma (a) under the power of 220 W
and treatment time of 5 s and (b) under the power
of 240 W and treatment time of 5 s. Perovskite
nanocrystals based on the Poly-TPD layer treated
with argon plasma under the power of 220 W have
a more compact coating. The good nanoparticles
coverage of the perovskite layer causes lighter
absorption and better solar cell performance. While
the tiny holes are visible on the surface of the
perovskite ﬁlm coated on the Poly-TPD layer treated
by argon plasma under the power of 240 W. This
perovskite ﬁlm coating may not be suitable for a
high-performance solar cell device. In fact, plasma
treatment time after 5 s led to pin-holing and separation of the grains at the surface.
Absorbance spectra of the cells made with the polyTPD hole transporting layer treated with argon plasma
under the powers of 220 W & 240 W and treatment times
of 5 s & 10 s are shown in Figure 7. It can be seen that
the light absorption of the perovskite layer decreased
with increasing time and power of argon plasma
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Figure 4. Water contact angle of the water drop on the Poly-TPD ﬁlm after argon plasma treatment, (a) 220 W & 5 s,
(b) 220 W & 10 s, (c) 240 W & 5 s, (d) 240 W & 10 s.

treatment. The treated perovskite with argon plasma
under the power of 220 W and a treatment time of 5 s has
the best absorption. The perovskite ﬁlm based on the
Poly-TPD layer treated with argon plasma under this
condition has a more compact coating that causes the
best light absorption.
The effect of power and time argon plasma
treatment on solar cell performance and photovoltaic
parameters (JSC: short circuit current density, VOC:
open-circuit voltage, FF: ﬁlling factor and PCE:
power conversion efﬁciency) was evaluated using
Keithley2400 and Solar simulator AM 1.5G. It
should be noted that the PCE of a solar cell depends
on three photovoltaic parameters (JSC, VOC, FF).
Equations (1) and (2) show the dependence of the
power conversion efﬁciency of cell on these photovoltaic parameters. In these relationships
Vmax, Jmax and Pin are the maximum voltage, the
maximum current density and the power of light,
respectively;

FF ¼

Vmax  Jmax
;
VOC  JSC

PCE ¼

VOC  JSC  FF
:
Pin

ð1Þ
ð2Þ

The results of photovoltaic parameters are given in
Table 2. As can be seen from the results of Table, the
average PCE of the perovskite solar cell made with
Poly-TPD hole transport layer treated by argon plasma
under the power of 220 W and treatment times of 5 s
and 10 s is 11.08% and 7.52%, respectively. The average PCE of the perovskite solar cell made with PolyTPD hole transport layer treated by argon plasma under
the power of 240 W and treatment times of 5 s and 10 s
is 8.69% and 5.45%, respectively. One could see that
PCE of PSC made with Poly-TPD hole transport layer
treated by argon plasma under the power of 220 and
240 W decreased with increasing of treatment time from
5 s to 10 s. The reason for the decrease in the device
PCE under both powers, with increasing time, is
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Figure 5. AFM results from perovskite cells made on the poly-TPD HTL after argon plasma treatment, (a) 220 W & 5 s,
(b) 220 W & 10 s, (c) 240 W & 5 s, (d) 240 W & 10 s.
Table 1. The Root mean square roughness of perovskites
grown on the poly-TPD layer after treatment by argon
plasma.
Treatment condition
220
220
240
240

W
W
W
W

&
&
&
&

5S
10 S
5S
10 S

Rq (nm)
1.547
1.706
1.820
1.859

impassibility due to inadequate coverage of the perovskite because of an increase in the roughness of the
surface. This increase in roughness creates traps at the
interface of the perovskite and Poly-TPD, the presence
of these traps causes an increase in recombination and
decrease in JSC, VOC, FF and ﬁnally the device PCE
decreasing.54 Also, it can be found, PCE of the perovskite solar cell made with Poly-TPD hole transport
layer treated by argon plasma decreased with increasing
treatment power from 220 W to 240 W.
The reason for improving treated cells performance
by argon plasma under the power of 220 W is that the

current density and ﬁll factor in these cells are higher
than those of treated cell under the power of 240 W.
Nanoparticle morphology and the quality of layers,
especially the perovskite layer, have a signiﬁcant effect
on the ﬁll factor. It can be seen from Figure 6, in the
treated cells under the power of 220 W and treatment
time of 5 s, a more compact perovskite coating, better
quality and, the morphology of the perovskite layer
leads to a higher ﬁll factor, as well as fewer pores in this
perovskite ﬁlm, improves electron-hole transmission
and as a result JSC. Treatment of Poly-TPD with argon
plasma improved VOC.
The photovoltaic parameters of cells made with
the poly-TPD hole transporting layer treated with
argon plasma under the powers of 220 W & 240 W
and treatment times of 5 s & 10 s are shown in
Figure 8. As can be seen, photovoltaic parameters
JSC, VOC, FF and PCE of cells made with Poly-TPD
hole transport layer treated by argon plasma
decreased with increasing power and time of treatment. Figure 9 shows the current-voltage diagram of
the champion device based on perovskite deposited
on the poly-TPD hole transporting layer treated with
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Figure 6. SEM images of perovskite crystals grown on Poly-TPD layer treated with argon plasma (a) 220 W & 5 s,
(b) 240 W & 5 s.

Absorbance(a.u.)

240W & 5S
220W & 10S
220W & 5S
240W & 10S

Table 2. Photovoltaic parameters of perovskite cells made
with poly-TPD hole transporting layer treated with argon
plasma under powers of 220 W & 240 W and treatment
times of 5 s & 10 s.
FF (%)

700

720

740

760

780

800

820

840

Wavelength(nm)

Figure 7. Absorbance spectra of the cells made with the
poly-TPD hole transporting layer treated with argon plasma
under the powers of 220 W & 240 W and treatment times
of 5 s & 10 s.

argon plasma under the power of 220 W and
treatment time of 5 s. The treated cell with argon
plasma under the power of 220 W and a treatment
time of 5 s has the best interface between the perovskite and poly-TPD hole transporting layer, which
reduces electron-hole recombination and thus
improves JSC.

220 W &
1
2
3
4
Average
220 W &
1
2
3
4
Average
240 W &
1
2
3
4
Average
240 W &
1
2
3
4
Average

5S
56.8
54.9
58.6
55.3
56.4
10 S
46.3
47.3
47.5
46.6
46.925
5S
49.8
48.7
45.8
45.2
47.375
10 S
45.8
44.3
35.3
43.6
42.25

VOC (V)

JSC (mA/cm2)

PCE (%)

1.097
1.098
1.058
1.097
1.085

18.53
18.03
18.27
17.47
18.075

11.54
10.87
11.32
10.59
11.08

1.058
1.049
1.049
1.09
1.0615

15
15.16
14.61
15.57
15.085

7.63
7.52
7.28
7.91
7.52

1.026
1.065
1.035
1.029
1.039

17.5
17.58
16.18
16.36
16.9

8.93
9.13
8.49
8.21
8.69

0.892
0.949
0.959
0.808
0.902

14.46
15
13.4
14.34
14.3

5.91
6.31
4.53
5.06
5.45
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Figure 8. The photovoltaic parameters for powers of 220 W & 240 W and treatment times of 5 s & 10 s (a) JSC, (b) VOC,
(c) FF and (d) PCE.

4. Conclusions

Figure 9. Current-voltage characteristics of champion
device based on perovskite deposited on poly-TPD hole
transporting layer treated with argon plasma under power of
220 W and treatment time of 5 s.

In this study, a simple argon plasma modiﬁcation
method for the treatment of the non-wetting Poly-TPD
hole transporting layer in an inverted planer solar cell
structure is used. By accurately controlling the power
and time of argon plasma, the poly-TPD ﬁlm surface
properties can be rationally prepared regardless of the
ﬁlm’s mass characteristics. By changing the surface
properties of Poly-TPD (non-wet) ﬁlm, a perovskite
ﬁlm coating with suitable grain size can be coated by a
simple solution-processed method on this layer. The
wettability of the Poly-TPD hole transporting layer has
increased with exposure to argon plasma. SEM and
AFM analysis revealed that perovskite nanocrystals
based on the Poly-TPD layer treated with argon
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plasma under the P=220 W and t=5 s have a more
compact coverage and morphology is much more
suitable. Photovoltaic parameters JSC, VOC, FF and
PCE of cells made with Poly-TPD hole transport layer
treated by argon plasma decreased with increasing
power and time of treatment. We found that PolyTPD, which was exposed to argon plasma under the
P=220 W for t=5 s, had a better interface with perovskite because in this case, the recombination was
reduced and the hole-electron transfer was improved,
which
increased
the
device
performance
(PCE=11.54%).
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